higher endo-β-1,4-glucanase, lichenase and laminarinase activities compared to that of the other species. Thus, C. perlatus may be efficient at digestion of cellulose and hemicellulose within plant material. Zymography indicated that the majority of protease, lipase, phosphatase, amylase, endo-β-1,4-glucanase, β-glucohydrolase and N-acetyl-β-d-glucosaminidase isozymes were common to all species, and hence were inherited from a common aquatic ancestor. Differences were observed for the phosphatase, lipase and endo-β-1,4-glucanase isozymes. These differences are discussed in relation to phylogeny and possible evolution to cope with the adoption of a terrestrial diet.
Introduction
The gecarcinid land crabs, Gecarcoidea natalis (Pocock 1888) and Discoplax celeste (ng and Davie 2012) and the coenobitid land crabs, Birgus latro (linnaeus 1767) and Coenobita perlatus (Milne edwards 1853) are sympatric species on Christmas Island, Indian Ocean. all these species consume a variety of material ranging from plant material in the form of fruits, seeds and in some cases leaf litter to animal material in the form of carrion, dead conspecifics and in some cases prey. The detailed composition of digestive enzymes in these species in terms of their activities, number of isoforms and molecular masses is unknown. However, given the ubiquitous nature of essential nutrients they are likely to possess proteases for hydrolysis of protein, lipases for the hydrolysis of lipid and carbohydrases such as α-amylase for the hydrolysis of storage carbohydrate.
3
although these four species are omnivorous/detritivorous, they have different foraging strategies and display a distinct preference for certain dietary items. The red crab, Gecarcoidea natalis and the blue crab Discoplax celeste have small home ranges in the non-breeding season and their foraging is restricted to these areas (Table 1 ). The diet of both species consists mainly of brown leaf litter (low in nitrogen and high in cellulose and hemicellulose content) with small amounts of fruits, seeds and animal material, when available (Table 1 ). The anomuran land crabs, B. latro and the terrestrial hermit crabs, Coenobita sp belong to the family, Coenobitidae (Davie 2002) . B. latro is an omnivore with a distinct preference for items such as fruits, seeds and animal material which are high in carbohydrate, lipid and protein (linton and greenaway 2007; Wilde et al. 2004 ) ( Table 1 ). They are capable of travelling large distances, up to 1 km per day, and possess an excellent olfactory ability which allow them to seek out their preferred food (Stensmyr et al. 2005; greenaway 2001; Fletcher et al. 1990 ). Terrestrial hermit crabs such as C. perlatus are nocturnal and are restricted to areas near the shore such as beaches and terrace forest (Hartnoll 1988) . Coenobita species are largely omnivores/detritivores, which consume a variety of plant, animal and shoreline detritus (Table 1) (grubb 1971; Barnes 1997; greenaway 2003) . The diet for C. perlatus on Christmas Island species is largely unknown, but given the species is found near the shore and not in the terrace forest it may consume, like other Coenobita, strandline detritus, some plants and perhaps algae scrapped off the rocks at night.
given these differences in feeding preferences between the species, the question arises whether these preferences are reflected in the complement (activity and presence) of digestive enzymes? In particular are the activities of the digestive enzymes higher for a preferred substrate? Digestive enzymes are likely to be correlated to the dietary compounds present in the diet with the animal being economical, producing only enzymes it would require and not wasting energy-producing ones it would not use (Karasov et al. 2011) . activities of digestive enzymes have been correlated to dietary preferences in other species of decapod crustaceans, amphipods and vertebrates such as fish and bats (family Phyllostomidae) (Johnston and Freeman 2005; Karasov et al. 2011; Johnston and Yellowlees 1998; Johnston et al. 2004; german et al. 2010; Schondube et al. 2001) . generally, carnivorous species possess high protease activities, species which consume starchy items and algae possess high amylase and laminarinase activities, insectivorous species possess high chitinase and trehalase activities, while species which consume plant material have high cellulase activities (Johnston and Freeman 2005; Karasov et al. 2011; Johnston and Yellowlees 1998; Johnston et al. 2004; german et al. 2010; Schondube et al. 2001 ). a diverse range of digestive enzymes is likely in G. natalis, D. celeste and B. latro given the diverse diet and previous demonstrations that these species are capable of digesting a range of substrates (greenaway and linton 1995; greenaway and raghaven 1998; Wilde et al. 2004) . However given the differences in feeding ecology, the activities of particular classes of enzymes, may be higher to reflect the species preferred dietary substrates. The gecarcinids may possess high cellulase and hemicellulase activities while B. latro may possess high protease, lipase and amylase activities.
activities of digestive enzymes were measured within the digestive fluid of the gecarcinids, G. natalis and D. celeste and the anomurans, B. latro and C. perlatus to determine one, the presence of the different types of digestive enzymes and two, if the dietary preferences of the species were reflected in the enzyme complement. Zymograms were also conducted to determine the number and estimated size of the digestive enzymes. Similarities in activity, number and size of enzymes across all species may suggest that the enzymes were inherited from a common aquatic ancestor. any difference between the gecarcinid and coenobitid groups may be indicative of phylogeny, while differences between closely related species, G. natalis and D. celeste or B. latro and C. perlatus may be indicative of adaptations to a terrestrial diet.
Methods
Sampling of digestive fluid land crabs Birgus latro (linnaeus, 1767), Coenobita perlatus (H. Milne edwards 1837), Gecarcoidea natalis (Pocock, 1888) and Discoplax celeste (ng and Davie 2012) were collected from the rainforest on Christmas Island, Indian Ocean and held at the Christmas Island research station for 24 h without food. Only male G. natalis and D. hirtipes were collected. The mass range of G. natalis and D. hirtipes was, respectively, 103-225 and 251-424 g. Mixed sex B. latro and C. perlatus were collected. The mass of B. latro ranged from 1 to 2 kg, while the mass of C. perlatus ranged from 16 to 60 g. Digestive fluid was then collected from the cardiac stomach of each crab. To do this, one experimenter held the crab, ventral side up while another experimenter inserted the narrow tip of a 10-ml eppendorf Combitip into the cardiac stomach and applied gentle suction to collect the fluid. Depending on the size of the crab, between 2 and 4 ml of digestive fluid was collected. Digestive fluid samples were immediately dispensed into 2-ml screw top tubes, and frozen in a liquid nitrogen-cooled biological shipper (CX100 Taylor-Wharton). Samples were then air-freighted back to the laboratories at Deakin University, geelong, australia and the alfred Wegener Institute in Bremerhaven, germany.
Preparation of digestive fluid for enzyme assays
The digestive fluid samples were centrifuged at 10,000g for 10 min to pellet any particulate matter and then diluted with demineralised water. The samples were assayed for total protein and activities of the following enzymes, total protease, serine protease, cysteine protease, trypsin, chymotrypsin, alanine amino peptidase, lipase, esterase, alkaline phosphatase, N-acetyl-β-d-glucosaminidase (nagase), laminarinase, endo-β-1,4-glucanase, lichenase, amylase and β-1,4-glucosidase (Table 2) . except for total protease activities, which were expressed as the change in absorbance per minute per mg protein, enzyme activities were expressed as units (U) (μmol of product produced or consumed) per minute per mg of protein. all enzyme assays were conducted at 30 °C. Zymograms were also conducted to estimate the size and number of the major digestive enzymes: total protease, esterase, N-acetyl-β-dglucosaminidase (nagase), phosphatase, β-glucosidase and endo-β-1,4-glucanase (Table 3) .
Total protein measurement
Protein in the digestive fluid was measured using a commercial Bradford reagent (Biorad, Hercules, Ca #500-0006) as per the manufacturers protocol (Bradford 1976) . Solutions of bovine serum albumin at concentrations between 0 and 1 mg ml −1 were used as standards. Digestive fluid samples were diluted so that their absorbance in the protein assays was within the range of the standards.
enzymes assays

Protease enzymes
Using the methods of Teschke and Saborowski (2005) and Saborowski et al. (2004) total protease, trypsin, chymotrypsin and alanine amino peptidase activities were measured in the digestive fluid (Table 2) . Inhibition assays were also conducted on the digestive fluid using the methods of Teschke and Saborowski (2005) to determine the percentage of serine, cysteine and other proteases, possibly metalloproteases within it (Table 2) .
Lipase, esterase and N-acetyl-β-d-glucosaminidase
lipase, esterase and N-acetyl-β-d-glucosaminidase activities were measured in digestive fluid using the respective substrates 4-methylumbelliferyl oleate (75164, Fluka), 4-methylumbelliferyl butyrate (19362, Sigma) and 4-methylumbelliferyl N-acetyl-β-d-glucosaminide (M2133 Sigma) as per the method of Knotz et al. (2006) ( Table 2 ). These assays measure the continuous release of (10 mg ml −1 ) linton and greenaway (2004) the fluorescent molecule 4-β-methylumbelliferone (MUF) from the hydrolysis of the substrates.
Alkaline phosphatase
alkaline phosphatase assays were conducted on digestive fluid, which was diluted 50 times at various alkaline pH values of 8, 9, 10 and 11.4. This assay used p-nitrophenyl phosphate as the substrate and measured the release of p-nitrophenol when it was hydrolysed. For these assays, 10 μl of 50 times diluted digestive fluid, 250 μl of 25 mmol l −1 Tris buffer adjusted to either pH 8, 9, 10 and 11.4 and 20 μl of 15 mmol l −1 p-nitrophenol phosphate (final substrate concentration = 1 mmol l −1 ) was added to a 96-well plate and incubated at room temperature for 1 h. after this incubation, the reaction was stopped and the colour of p-nitrophenol was developed by the addition of 20 μl of 2 mol l −1 sodium hydroxide. absorbance of the samples within the 96-well plates was measured at 405 nm using a Dynatech Mr7000 microplate reader. absorbances for the p-nitrophenol were converted into μmol using the absorbance of p-nitrophenol standards ranging in concentration from 2 μM to 1.25 mM.
Carbohydrases: laminarinase, endo-β-1,4-glucanase, lichenase, β-1,4-glucosidase and amylase
activities of the carbohydrase enzymes, laminarinase, endo-β-1,4-glucanase, lichenase and amylase were measured by the rate of production of reducing sugars from the hydrolysis of their respective substrates laminarin, carboxy methyl cellulose, lichenan and starch (Table 2) . β-1,4-glucosidase (β-glucohydrolase) activities were measured by the production of glucose from the hydrolysis of cellobiose. The methods for all of these assays were as per linton and greenaway (2004) and Figueiredo et al. (2001) . reducing sugars were measured as per the method of Jue and lipke (1985) .
Enzyme activity staining of SDS-PAGE gels
Proteins and enzymes within the digestive fluid samples were separated with SDS polyacrylamide gel electrophoresis using an 8 × 10 cm, 12 % polyacrylamide gel run at 15 ma per gel, as per the method of laemmli (1970) . Digestive fluid samples (15 μl) were mixed with the same amount of SDS-Page buffer (0.021 % bromophenol blue, 31 % glycerol, 4.2 % sodium dodecyl sulphate and 0.13 mol l −1 TrisHCl buffer pH = 6.8). To preserve the potential functionality of the proteins, the samples were neither heated nor treated with β-mercaptoethanol. after electrophoresis, the polyacrylamide gels were then stained for either N-acetyl-β-d-glucosaminidase, alkaline phosphatase, esterase and β-glucosidase activity using the methods modified from those of Prim et al. (2003) and allardyce et al. (2010) (Table 3) . Different substrates and buffers were used for different enzymes (Table 3) . In these gels, the enzymes hydrolyse the substrate to release the fluorescent molecule, 4-β-methylumbelliferone that produces a thin fluorescent band upon UV illumination. after activity staining, the gels were counterstained with Coomassie Brilliant blue r (0.05 % brilliant blue r dissolved in 50 % water, 10 % acetic acid, 40 % methanol) to visualise the protein standards. Photographs of the same fluorescent and Coomassie blue stained gel were scaled to the same size within Corel PhotoPaint X3 and the size of the protein bands estimated by comparing their migration distance to that of the protein standards [either Invitrogen Mark 12 unstained standards (#lC5677), Carl roth roti-Mark standards (#T851) or Sigma low range molecular weight standards (#M3913)]. The method for 
Statistical analysis
Mean enzyme activities among species were analysed statistically using a one-way anOVa followed by Studentnewman-Keuls post hoc tests. If the data were not normally distributed or did not possess equal variance among the groups, then a Kruskal-Wallis non-parametric anOVa followed by either Student-newman-Keuls (equal group size) or Dunn's (unequal group size) post hoc tests was conducted. Sigma Plot 11 was used to calculate statistical probabilities. Means were deemed to be significantly different if the calculated probabilities were <0.05.
Results
Specific activities of the major digestive enzymes
Proteases
The digestive fluid of G. natalis had a significantly higher total protease activity than that within the digestive fluids from D. celeste, B. latro and C. perlatus (Fig. 1 ). The total protease activity of the digestive fluid from the latter three species was similar and ranged between 0.84 and 1.04 ΔE 366 min −1 mg −1 protein. Of the total protease activity in all species, and like that of other decapods, serine proteases such as trypsin and chymotrypsin made up the majority of the activity, while cysteine and other proteases most likely metalloprotease such as alanine aminopeptidase were minor constituents of the total activity (Fig. 2; Terra and Ferreira 2005; Vonk and Western 1984; Díaz-Tenorio et al. 2006; Johnston et al. 1995; Sainz et al. 2004; gimenez et al. 2002) . In G. natalis and B. latro, cysteine and other proteases constituted similar percentages (7-17 %) of total protease activity, while in D. celeste and C. perlatus the proportion of other proteases was higher (31-35 %) than that of the cysteine proteases (0-1.3 %) (Fig. 2) .
Out of all of the protease enzymes measured, chymotrypsin had the highest specific activity and thus accounts for the majority of the serine protease activity. The digestive fluid from D. celeste had the highest chymotrypsin-specific activities (24.6 U mg −1 protein), followed by G. natalis and then B. latro and C. perlatus, which had similar chymotrypsinspecific activities of 0.8-5.3 U mg −1 protein (Fig. 3a) . The trypsin-specific activity of the digestive fluid from B. latro was higher (0.19 U mg −1 protein) than those of the other species examined (Fig. 3b) . The digestive fluid of all the other species, G. natalis, D. celeste and C. perlatus had similar trypsin-specific activities of 0.041-0.094 U mg −1 protein (Fig. 3b) .
The digestive fluid from all species examined had alanine amino peptidase activities, ranging from 0.003 to 0.012 U mg −1 protein. Due to high variability, these values were not different between species (Fig. 3c ).
lipase and other esterase enzymes lipases and other esterases are enzymes which are capable of hydrolysing ester bonds. lipase activity was measured with two substrates, a short C 4 substrate, MUF butyrate and a long C 18 substrate, MUF oleate. The C 18 substrate is hydrolysed by true lipases that cleave the ester bonds within the triacylglycerols at the hydrophilic-hydrophobic boundary (Park et al. 2008; Prim et al. 2003) . The short butyrate substrate can be hydrolysed by lipases, other esterases and possibly serine proteases such as trypsin and chymotrypsin since they all share a common catalytic triad (rivera-Perez et al. 2011) . lipase activities, measured with the C 18 substrate, within the digestive fluid of G. natalis, D. celeste and B. latro were 2-3 times higher than the corresponding activities measured with the C 4 substrate (Fig. 4a,  b) . In contrast, for C. perlatus, the lipase activities measured with the C 4 substrate were higher than those measured with the C 18 substrate (Fig. 4) differ significantly among all species examined (Fig. 4a) . The trends observed for the activities measured with the C 4 substrate were different from that measured with the C 18 substrate. The activities within the digestive fluid from D. celeste and C. perlatus were 0.28 and 0.30 U mg −1 protein, and thus significantly higher than those for G. natalis and B. latro, which amounted to 0.079 and 0.091 U mg −1 protein, respectively (Fig. 4b ). These differences between the activities measured with the two substrates may have been due to the lipase enzymes being less efficient at hydrolysing the shorter substrate in a more aqueous environment. alternatively the shorter substrate may possibly be hydrolysed by other esterase enzymes besides true lipases. perlatus were similar (Fig. 6 ). In addition, the N-acetyl-β-d-glucosaminidase activities within the digestive fluid from G. natalis were not significantly different from those of D. celeste and B. latro (Fig. 6 ).
Cellulase and hemicellulase endo-β-1,4-glucanase is a cellulase which hydrolyses β-1,4-glycosidic bonds within cellulolytic substrates such as carboxy methyl cellulose. endo-β-1,4-glucanase activities within the digestive fluids of D. celeste and C. perlatus were similar and higher than those of G. natalis and B. latro (Fig. 7) . The endo-β-1,4-glucanase activities of these latter two species were similar (Fig. 7) . lichenase hydrolyses β-1,4-glycosidic bonds within mixed-linkage polysaccharides such as lichenin and those found within the cell walls of protozoans, fungi and algae. lichenase activity within the digestive fluid from C. perlatus was higher (0.85 U mg −1 protein) than that from D. celeste, G. natalis and B. latro (0.32-0.44 U mg −1 protein) (Fig. 8) . The lichenase activities within the digestive fluid from these last three species were similar (Fig. 8) .
β-glucohydrolase, measured as β-1,4-glucosidase activity, is an enzyme that complements endo-β-1,4-glucanase. It is thought to hydrolyse glucose off short polymers produced by endo-β-1,4-glucanase (allardyce et al. 2010). β-1,4-glucosidase activities within the digestive fluid of D. celeste were approximately 20 times higher (0.11 U mg −1 protein) than that for G. natalis, B. latro and C. perlatus, which were similar ranging between 0.002 and 0.007 U mg −1 protein (Fig. 9) . laminarinase hydrolyses β-1,3-glycosidic bonds within laminarin; a glucose polymer joined by mainly β-1,3-glycosidic bonds. The laminarinase activities ranged β-glucohydrolase activities were measured as β-1,4-glucosidase activity; that is, the production of glucose from the hydrolysis of cellobiose. Different letters above the means indicate that they differed significantly (P < 0.05, Kruskal-Wallis one-way anOVa followed by Student-newman-Keuls post hoc tests on ranks). Data are expressed as mean ± SeM (n = 5) 
Protease activity staining
Three protease bands of apparently 15, 19 and 21-22 kDa were observed for digestive fluid samples from G. natalis, B. latro and C. perlatus ( Fig. 11 ; Table 4 ). The digestive fluid from D. celeste produced two protease activity bands, apparently 15 and 18 kDa in size ( Fig. 11; Table 4 ).
Lipase/esterase activity staining
Five lipase/esterase activity bands were observed from G. natalis. This included a strong fluorescent band at 129 kDa, and four smaller bands at 57, 51, 24.5 and 17 kDa ( Fig. 12 ; Table 4 ). The bands of 24, 57 and 129 kDa were unique to this species. The smallest band at 17 kDa was next to the solvent front. For the other land crabs species examined, three lipase bands at 17, 40-42 and 48-50 kDa were observed ( Fig. 12; Table 4 ). all three bands were observed for B. latro and D. celeste (Table 4) . Only one strong band at 33 kDa was observed for C. perlatus (Table 4 ).The smaller activity bands at 17 and 25 kDa may be due to serine proteases, such as trypsin and chymotrypsin, due to their similar sizes and they share the same catalytic triad as lipases and, thus, may possibly hydrolyse the butyrate substrate (rivera-Perez et al. 2011).
Alkaline phosphatase staining
alkaline phosphatases (eC 3.1.3.1) are unspecific phosphatases that remove the phosphate, through hydrolysis of the phosphoester bond, from various compounds before assimilation (Terra and Ferreira 2005) .There are clear differences between the phosphatases present in the digestive fluids of the anomuran and brachyuran crabs. The pH optima all digestive fluid samples were diluted by a factor of 250 times. Presence of protease activity was determined from the hydrolysis of 1 % haemoglobin, which had been allowed to infuse into the polyacrylamide gel. gels were fixed and stained with 0.05 % Coomassie blue dissolved in a solution of 10 % acetic acid, 40 % methanol, 50 % water to visualise the halos of protease activity and the molecular mass markers (Invitrogen Mark 12 unstained marker) of the sizes indicated for the phosphatase activities of the anomuran crabs were between pH 9 and 10 while that of the brachyurans was 8, over the pH range tested (Fig. 13) . Similarly, the zymograms revealed differences in the number and size of the phosphatases. The anomurans, B. latro and C. perlatus possessed two phosphatases, one of apparently 73.5-75.5 kDa and another of 52-55 kDa ( Fig. 14a ; Table 4 ). In contrast, the brachyurans possessed only the smaller phosphatase which was apparently 48-50 kDa in size ( Fig. 14a ; Table 4 ).
Amylase activity staining
One amylase activity band of apparently 58-60 kDa was observed for the digestive fluids from G. natalis, D. celeste, B. latro and C. perlatus (Fig. 14b) .
Activity staining for enzymes that hydrolyse β-1,4-glycosidic bonds (β-glucohydrolase and endo-β-1,4-glucanase)
The hydrolysis of the fluorescent substrate, 4-methylumbelliferyl-β-d-glucopyranoside by the digestive fluid samples produced activity bands at apparently 25, 28, [31] [32] (Fig. 14c; Table 4 ). This substrate is hydrolysed by enzymes that hydrolyse β-1,4-glycosidic bonds; this includes β-glucohydrolyses and endo-β-1,4-glucanases/lichenases (allardyce et al. 2010) . The large fluorescent band at 119-126 kDa is thought to be due to β-glucohydrolase, while the three smaller activity bands (32, 28 and 25 kDa) are thought to be endo-β-1,4-glucanase/lichenase isozymes that have been characterised previously (linton and Shirley 2011; allardyce and linton 2008) . These enzymes when run on SDS-Page gels without heating or reducing the sample with β-mercaptoethanol, the conditions used to create the zymograms, run further than samples which were heated and reduced. Thus under these conditions the 53-kDa isozyme runs at 32 kDa, the 47-kDa isozyme runs at 28 kDa and the 43-kDa isozyme runs at 25 kDa (linton and Shirley 2011). The digestive fluid from G. natalis produced three of the smaller endo-β-1,4-glucanase activity bands, that from D. celeste produced two and the digestive fluid from B. latro and C. perlatus produced only one small endo-β-1,4-glucanase activity band; 30 kDa for B. latro and 28 kDa for C. perlatus. There was also variation between individuals of G. natalis; the digestive fluid from two out of three replicates produced three endo-β-1,4-glucanase activity bands, while that for the remaining replicates produced only two activity bands. The large activity band at 119-126 kDa was feint for G. natalis and D. celeste and bright for C. perlatus. This band was not produced by the digestive fluid samples from B. latro.
N-acetyl-β-d-glucosamine activity staining
Two N-acetyl-β-d-glucosaminidase activity bands, one at apparently 77 kDa and another at 92-97 kDa, were produced by the digestive fluid of the gecarcinids, G. natalis and D. celeste ( Fig. 14d; Table 4 ). Both of these bands were present in all the replicates examined. Similarly, both bands were produced from the digestive fluid of the coenobitids B. latro and C. perlatus (Fig. 14d) . For B. latro and C. perlatus the larger band was present in all the replicates examined, while the smaller band was only present in one out of five replicates for B. latro and one out of three replicates for C. perlatus (Table 4) . Thus, individual polymorphism was observed for both coenobitid species.
Discussion
Major conclusions about the digestive enzyme activities G. natalis, D. celeste, B. latro and C. perlatus possessed substantial activities of all the enzymes examined and this reflects their omnivorous nature. Thus they are capable of (Cp) . Presence of esterase enzyme activities was determined using the substrate 4-methylumbelliferyl butyrate. The substrate is hydrolysed by the enzyme to release the fluorescent molecule, 4-methylumbelliferone. The digestive fluid samples from G. natalis, D. celeste and B. latro were diluted 1 in 1,000 times while those from C. perlatus were diluted by a factor of 2,500 times. Molecular mass markers (Carl roth roti-Mark standards), with sizes (kDa) indicated, were visualised by counterstaining gels with 0.05 % Coomassie blue dissolved in a solution of 10 % acetic acid, 40 % methanol, 50 % water hydrolysing and thus digesting protein, lipid and storage polysaccharides using respective protease, lipase and amylase enzymes. These activities are also consistent with the digestibilities of soluble cell contents (mainly protein, lipid and storage carbohydrate) from leaf litter consumed by G. natalis and D. celeste and high digestibilities for lipid, storage carbohydrate (starch/glycogen) and protein from artificial diets consumed by B. latro (greenaway and linton 1995; greenaway and raghaven 1998; Wilde et al. 2004) . Similarly, the enzymes N-acetyl-β-d-glucosaminidase, endo-β-1,4-glucanase, β-glucohydrolase, lichenase and laminarinase for hydrolysing structural substrates such as chitin, cellulose and hemicellulose were present in all species examined. all cellulase and hemicellulase enzymes are likely to be produced endogenously given they are in G. natalis and a similar situation may also exist for other species (linton et al. 2006; allardyce and linton 2008; allardyce et al. 2010) . again, these activities may explain the digestion of these structural substrates (greenaway and linton 1995; greenaway and raghaven 1998; Wilde et al. 2004) . The digestive enzymes are also likely to be directly inherited from an aquatic ancestor given the presence and similar sizes of the isozymes (protease, lipase, amylase, N-acetyl-β-d-glucosaminidase, phosphatase, endo-β-1,4-glucosidase) between the two groups of land crabs and other aquatic decapods and arthropods (Tables 4, 5) .
During the colonisation of land, there was a little need for change in the majority of digestive enzymes given similar nutrients such as protein, lipid, storage carbohydrate and chitin that are present at similar concentrations in both terrestrial and aquatic environments. There may have been some evolutionary specialisation of enzymes for a 5 apparent molecular mass (kDa) of digestive enzymes from other arthropods native indicates that the samples were neither heated nor reduced prior to polyacrylamide electrophoresis. Denatured indicates that the samples were denatured and reduced prior to SDS polyacrylamide electrophoresis. Mass spec indicates that the mass of the enzyme was determined by its mass spectrum on a time of flight mass spectrometer. cDna indicates the size of the enzyme predicted from the translated amino acid sequence -acetyl-β-d-glucosaminidase Penaeus vannamei (prawn) 105 (2 × 45 subunits) (denatured) Xie et al. (2004) Scylla serrata (crab) 132 (2 × 65.8 subunits) (denatured) Zhang et al. (2006) Penaeus japonicus (prawn) 37 (denatured), 57 (mass spec) Kono et al. (1990) endo-β-1,4-glucanase Cherax quadricarinatus 30, 40 (native) Xue et al. (1999) (2010) terrestrial, mainly leaf litter diet, particularly in the gecarcinids, G. natalis and D. celeste since these species possess isozymes that were not observed in the coenobitids. In particular, the gecarcinid crabs possessed additional endo-β-1,4-glucanase isozymes: G. natalis possessed two extra isoforms and D. celeste one. Perhaps the increase in isozymes elevated cellulase activity that enhanced the efficiency of cellulose digestion. additional endo-β-1,4-glucanases may have arisen through gene duplication of the gHF9 gene. Two copies of a gHF9 gene are possessed by the isopod, Porcellio scaber (Kostanjšek et al. 2010 ) and individual termite species possess multiple copies of the gHF9 gene (lo et al. 2011) . alternatively, the multiple endo-β-1,4-glucanases may be due to the expression of different glycosyl hydrolase genes such as gHF1, gHF5, gHF9, gHF10 and gHF45 (Sakamoto et al. 2007 (Sakamoto et al. , 2009 Sakamoto and Toyohara 2009a, b) . The aquatic bivalve, Corbicula japonica, possesses and expresses such genes which account for its endo-β-1,4-glucanse, xylanase and β-1,4-glucosidase activities (Sakamoto et al. 2007 (Sakamoto et al. , 2009 Sakamoto and Toyohara 2009a, b) . Similarly, G. natalis possessed an additional lipase isozyme, a strong 129-kDa band that was not present in the other species examined. This enzyme may be a true lipase or a general esterase that can hydrolyse soluble substrates. gecarcinids consume substantial amounts of condensed and hydrolysable tannins with leaf litter and must be able to metabolise these compounds (Swain 1979; Hagerman and Butler 1991; linton and greenaway 2007 Johnston et al. 1995) . Similarly in talitrid amphipods, dietary preference is reflected in enzyme activity; Talorchestia marmorata consumes brown algae and possesses high laminarinase and lipase activities to digest the laminarin and lipid esters; an intertidal Talorchestia sp. consumes mainly diatoms and possesses high activities of α-and β-glucosidases for the digestion of the cell wall and starch; like the herbivorous land crabs, the litter feeder, Keratroides vulgaris possess relative low activities of all digestive enzymes . Perhaps, the land crabs are like the other omnivorous crustaceans that possess similar activities of the digestive enzymes to deal with the variety of compounds within their opportunistic diet. The activities of cellulase (endo-β-1,4-glucanase) and hemicellulase (lichenase and laminarinase) enzymes within the digestive fluid of C. perlatus were higher than those of other species, particularly compared to B. latro. This suggests that C. perlatus is capable of substantial digestion of cellulose and hemicellulose, and may thus have a preference for lower grade plant items that contain these compounds. Conversely, the lower cellulase (endo-β-1,4-glucanase) and hemicellulase (laminarinase and lichenase) activities for B. latro compared to that for C. perlatus suggest that these compounds are not as important for energy as the highly digestible ones. However, the presence of the enzymes in B. latro is consistent with the digestion of small amounts of hemicellulose and cellulose by the crab when fed artificial plant-based diets (Wilde et al. 2004) . B. latro would not derive substantial energy from cellulose digestion given its highly nutritious diet (Wilde et al. 2004) . Thus, it is surprising that the digestive fluid possesses endo-β-1,4-glucanase activity. Indeed the apparent lack of β-glucohydrolyase in B. latro, as suggested by activity staining, suggests that this species is incapable of hydrolysing cellulose to glucose. The carnivorous mud crab, Scylla serrata also possesses endo-β-1,4-glucanase activities within its midgut gland (Pavasovic et al. 2004) . like B. latro, this species would not derive a significant amount of energy from cellulose digestion. Perhaps, the endo-β-1,4-glucanase enzyme in these species contributes to the digestive efficiency. The activity of the endo-β-1,4-glucanase plus that of the gastric mill may help to degrade the fibrous pulp of fruits and other plant materials to release the preferred and highly digestible lipid, protein and carbohydrate (Wilde et al. 2004) .
The activities for the enzymes that hydrolyse highly digestible substrates: total protease, amylase and lipase, within the digestive fluid of B. latro were not higher than those of other species. Thus, the preference of this species for highly digestible nutrients (protein, lipid and carbohydrate) is not reflected in the enzyme activities (Wilde et al. 2004) . However, the activities of these enzymes are presumably high enough to achieve the high digestibility coefficients for nitrogen/protein, lipid and carbohydrate previously measured for this species (Wilde et al. 2004) .
The gecarcinids were surprising in that the activities of their digestive enzymes, in particular the cellulase and hemicellulase enzymes, were similar to each other and to B. latro but were lower than that for C. perlatus. The enzyme activities for G. natalis were particularly surprising in that endo-β-1,4-glucanase activity was not higher than that for other species; particularly, D. celeste and total protease activities were higher than the total protease activities of other species. This is different to that described previously where endo-β-1,4-glucanase activities for G. natalis were higher than that for D. celeste, laminarinase activities similar, and lichenase activities higher for D. celeste (linton and greenaway 2004) . as observed previously, β-glucohydrolase activity (β-glucosidase activity) was higher in D. celeste than G. natalis (linton and greenaway 2004) . However, the substantial activities of the cellulase and hemicellulase enzymes can explain the substantial cellulose and hemicellulose digestibilities observed for these species when fed on leaf litter diets (greenaway and linton 1995; greenaway and raghaven 1998).
The digestive fluid was sampled from individuals of G. natalis at the end of the dry season, just before the start of the reproductive migration. These animals were mostly confined to their burrows and may have been in "dry season mode" with a suppressed metabolism (different energetic metabolism to migrating wet season animals) (Morris et al. 2010 ). There may have been phenotypic plasticity in the expression of their digestive enzymes, in particular cellulase and hemicellulase enzymes may have been downregulated and the enzymes involved in the hydrolysis of highly nutritious substrates, lipase, protease and amylase upregulated. This may be required to gain energy and nitrogen for reproductive purposes. alternatively, the high total protease activity may reflect the efficient hydrolysis and thus digestion of the low amount of protein associated with a mainly leaf litter diet (linton and greenaway 2007). although phenotypic plasticity of digestive enzymes remains to be demonstrated in land crabs, it has been observed in other decapod crustaceans and insects (Locusta migratoria). activities of α-amylase in the midgut gland of mud crabs, Scylla serrata increase when the crabs are fed diets increasing in starch (Pavasovic et al. 2004) . Similarly, activities of the digestive enzymes, α-amylase, endo-β-1,4-glucanase and protease within the crayfish, C. quadricarinatus, are positively correlated to the protein and carbohydrate content of the diet (Pavasovic et al. 2007a, b) . In contrast, the locust, Locusta migratoria downregulates α-amylase and α-chymotrypsin levels in response to excessive intake of carbohydrate or protein (Clissold et al. 2010) . This downregulation of enzyme activity is thought to decrease the absorption of excess nutrients as the animal tries to achieve its most optimal intake of both carbohydrate and protein from a very nutrient deficient diet. a similar mechanism may occur in G. natalis at the end of the dry season as this species would have a restricted diet of mainly leaf litter and would, consequently, have a high intake of structural carbohydrates such as cellulose and hemicellulose.
